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Introduction

This report describes the current efforts to implement a model to predict the engineering scale behavior
of irradiated and aged Ni2Cr model alloy and Alloy 690 into the Grizzly software. Grizzly is a multiphysics
simulation code under development at Idaho National Laboratory (INL) to simulate aging mechanisms and
their effects on the integrity of critical LWR components.

Engineering scale behavior of materials are strongly impacted by the underlying microstructure. The
distribution, evolution, and interaction of dislocations and defects within the individual grains dictates how
the engineering scale material will perform under different loading and environmental conditions. Mesoscale
models can function as a bridge to connect microstructure evolution models to engineering models of the
ductile-brittle transition temperature (DBTT) curve and fracture. The toughness of a material, which gov-
erns the engineering scale fracture behavior, is a function of both elastic deformation and plastic deformation.
While the yield stress measurements capture the elastic contribution to a material’s toughness, information
about the dislocation movement is required to understand the plastic component of toughness.

Crystal plasticity models predict dislocation density evolution and thereby connect microstructure evo-
lution to engineering scale behavior predictions. These models calculate the plastic strain within a metal
as a function of dislocations and other crystal defects, including precipitates and interstitial loops, among
others, by tracking dislocation movement and the interaction of these dislocations with the crystal defects.

Within NiCr alloys, long-range ordered (LRO) γ′ precipitates form under aging conditions. These precip-
itates act as barriers to dislocation motion and either are sheared by dislocations, or act to pin dislocations
and prevent dislocation movement. Additional defects, such as stacking fault tetrahedra (SFTs) from irra-
diation damage, also impede dislocation motion in these alloys. A crystal plasticity mode for Ni2Cr model
alloy and Alloy 690 is being currently implemented in the Grizzly code at INL.

This report includes a description of the theoretical models incorporated into the Grizzly crystal plasticity
code. These theoretical models include mechanisms for dislocation glade and twinning as well as dislocation-
defect interaction relationship for both LRO γ′ precipitates and SFTs. We have selected these dislocation
models based on the deformation mechanisms observed in experimental micropillar compression tests con-
ducted on the Ni2Cr model alloy. The models are then extended to Alloy 690 with ongoing parameter
fitting.
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1 Crystal Plasticity Framework

Following [1] the crystal plasticity model uses a multiplicative decomposition of the deformation gradient
into elastic and plastic components:

F = FeFp (1)

The change in the crystal shape due to dislocation motion is accounted for in the plastic deformation gradient
tensor, Fp, while the elastic deformation gradient tensor, Fe, accounts for recoverable elastic stretch and
rotations of the crystal lattice. The evolution of the plastic deformation is given as

Ḟp = LpFp (2)

where Lp is the plastic velocity gradient. The plastic deformation gradient rate is used to calculate the
increment of the Lagrangian strain. The plastic velocity gradient is defined as the sum of the slip increments
from dislocation motion on all of the slip systems. As in the approach of [2] we additively decompose the
plastic velocity gradient to account for the various mechanisms of dislocation movement in the Ni alloy
crystal.

Lp =
α∑
N

γ̇αglides
α
o ⊗mα

o +

β∑
N

γ̇βtwins
β
o ⊗mβ

o (3)

where γ̇αglide is the slip rate due to dislocation glide and γ̇βtwin is the dislocation slip rate from twinning.
Note that the slip direction and slip plane normal unit vectors, so and mo, are defined in the reference
configuration. The model for dislocation glide is discussed in Section 2 and the dislocation twinning model
is introduced in Section 3.

2 Dislocation Glide Model

The plastic dislocation glide slip on each slip system, γ̇
(α)
glide, is connected to the behavior of the mobile

dislocations through Orowan’s relation, where only dislocation glide is considered.

γ̇αglide = ραmobilebv
α
glide (4)

where ραmobile is the mobile dislocation density on each slip system α, b is the burgers vector of the crystal,
and vαglide is the glide velocity of the mobile dislocations. In this implementation we apply a power law
expression for the dislocation glide velocity,

vαglide = vob

∣∣∣∣ταgα
∣∣∣∣1/m sign(τα) if τα ≥ gαo (5)

where vo is the initial dislocation velocity, τα is the applied resolved shear stress on each slip system α, and
gα is the slip system resistance or strength which is further defined in Eq (10). As a consequence of the
decision to use the slip direction and plane normal unit vectors from the initial crystal orientation, Eq (3),
the second Piola-Kirchoff stress is used to determine the applied resolved shear stress.

τα = T : sαo ⊗mα
o (6)

The constitutive relationship for dislocation glide is based on the Continuum Dislocation Dynamics
(CDD) framework, [3], with separate terms used to describe each of the specific physical glide mechanisms
in the dislocation evolution rate terms. The rate of the mobile dislocation evolution rate is also fully coupled
to the immobile dislocation evolution rate. The mobile dislocation evolution is governed by six terms: each
term in the equation represents a specific physical dislocation-interaction mechanism.

ρ̇
(α)
mobile =ρ̇

(α)
generation − ρ̇

(α)
mobile−annihilation − ρ̇

(α)
locking

+ ρ̇
(α)
freed − ρ̇

(α)
immobile−annihilation

(7)
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Mobile dislocation generation is considered to occur by Orowan looping. Dislocation annihilation of two
dislocations of opposite sign can occur between two mobile dislocations (second term in Eq. (7)) or between
an immobile dislocation and a mobile dislocation (sixth term in Eq. (7)). The annihilation interaction
among dislocations is assumed to occur only within a capture radius, Rc, which is defined as a factor of the
burgers vector.

The mobile dislocation evolution is coupled to the immobile dislocation evolution rate through evolution
terms for dislocation locks and dislocations freed from locks (third and fourth terms in Eq (7), respectively).
These terms also appear in the evolution rate equation for immobile dislocations

ρ̇
(α)
immobile = ρ̇

(α)
locking − ρ̇

(α)
freed − ρ̇

(α)
immobile−annihilation (8)

The locked dislocations term, which is negative in the mobile dislocation evolution equation, Eq (7), acts as
the source term for the immobile dislocations.

3 Dislocation Twinning Model

In low stacking fault metals, twinning is another common mechanism for dislocation motion. Both
twinning and microtwinning have been observed in NiCr alloys; microtwinning is described as thin twins
only a few atomic planes wide [4]. The presence of secondary and primary γ′ precipitates are considered
necessary to initial microtwinning [5]. Karhikeyan et al. have proposed an initial dislocation microtwinning
velocity term for use in crystal plasticity [6].

Twinning behavior was observed in the Ni2Cr model alloy micropillar compression tests only in the aged
specimens; the unaged specimens deformed only by dislocation slip. However, because the observed twins
were larger than the microtwin width and because the LRO tertiary γ′ precipitates in the model alloy are
much smaller than the secondary γ′ precipitates, the twinning mechanism appears to be better suited to a
standard twinning model rather than a microtwinning model. Following Kalidindi’s approach, a twinning
model is currently being implemented in the Grizzly crystal plasticity model [7].

ḟβtwin =
γ̇

γtwin

(
τ beta

gbetatwin

)1/m

if τβ > 0 (9)

This model tracks the evolution of the deformation twin volume fraction, ḟβ instead of the twin slip rate.

4 Hardening Models

Physically-based frameworks write the constitutive slip system resistance equation as a function of dis-
location and defect densities within the crystal [8]; both defects and other dislocations act as barriers to
dislocation motion [9]. In this model the resistance of the slip systems to dislocation motion is considered as
the additive sum of the physical barriers to dislocation motion, including dislocation forests, aged long-range
ordered precipitates, and irradiation defects.

g(α) = g(α)o + g
(α)
dislocations + g

(α)
precipitates + g

(α)
defects (10)

where g
(α)
o represents the intrinsic lattice friction, g

(α)
dislocations models the hardening of slip systems due to

the accumulation of other dislocations on all of the slip systems, g
(α)
precipitates accounts for the hardening due

to the long-range ordered precipitates, and g
(α)
defects is used to capture the effect of irradiation lattice defects

on the slip system hardening. The first two terms in Eq (10) are discussed below and the latter two terms
are discussed in Section 5 and Section 6, respectively.
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4.1 Intrinsic Lattice Friction

The intrinsic resistance of a crystal to dislocation motion is due to friction forces, and the measure of
this resistance is termed the Peierls strength of the material. Because NiCr alloys are low stacking fault
materials compared to pure Ni, the spreading of the dislocation core will play a role in the intrinsic lattice
friction of the alloy. Following the work of [10], we assume as a reasonable estimate for the Peierls strength

g(α)o = 10−4 · µ (11)

where µ is the shear modulus of the alloy. This assumption allows for easy extension of the crystal plasticity
model parameter to different alloy systems without the precise lattice spacing dimensions required by the
classical Peierls-Nabarro model.

4.2 Dislocation Forest Hardening

The slip system resistance due to dislocation forest-type accumulation on all slip systems is modeled with
a modified Bailey-Hirsch approach following [11]:

g
(α)
dislocations = αmbhbµ

√∑
β

Ω(αβ)
(
ρ
(β)
mobile + ρ

(β)
immobile

)
(12)

where the hardening is termed self-hardening when α = β and latent-hardening when α 6= β. The coefficient
αmbh is a fitting parameter, b is the burgers vector, µ is the shear modulus of the material, and Ω is the
interaction matrix containing the matrix of self- and latent-hardening parameters. For simplicity, in this
work we assume all components of the interaction matrix to be unity.

5 Hardening from Aging Precipitates

The hardening due to LRO γ′ precipitates is accounted for with two separate mechanisms: Anti-phase
boundary (APB) particle shearing and Orowan looping.

g
(α)
precipitates = αapbg

(α)
apb + αloopingg

(α)
looping (13)

In establishing the relationship among the two different shearing mechanisms, we assumed that a given
dislocation could either shear a precipitate via APB shearing or loop around a precipitate; thus we enforced
the condition

αapb + αlooping = 1 (14)

Through fitting to experimental hardness testing data for Ni2Cr aged for 10,000 hours [12], we determined
that the majority of hardening occurs due to APB shearing, Eq (15). Combining Eqs (13) and (14), we
determined αapb is 0.95 and αlooping is 0.05 for the Ni2Cr model alloy.

The following hardening mechanisms were selected from the review provided by Kozar et al for the small
tertiary γ′ precipitates experimentally observed in the Ni2Cr alloy. The presence of primary and secondary γ′

precipitates in Alloy 690 may require the addition of other hardening mechanisms beyond the two presented
in Eq (13).

5.1 Tertiary Anti-Phase Boundary Precipitate Shearing

The Ni2Cr model alloy only demonstrates tertiary LRO precipitates, under 10nm in size. Based on this
size, we have implemented a model for weakly coupled APB shearing [13]. The effective spacing between
two LRO precipitates is modeled in a manner that accounts for the radii of the precipitates.

g
(α)
apb =

γapb
2b

[(
γapbds
µ

)1/2
ds
bLs
− π

4

(
3πf

8

)]
(15)
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where γapb is the energy of the anti-phase boundary, b is the burgers vector, ds is the mean planar diameter
of the precipitate, µ is the shear modulus, Ls is the effective spacing between precipitates, and f is the
volume fraction of the tertiary precipitates. The effective spacing between precipitates takes into account
the diameter of the precipitates, [13]:

Ls =

(
8

3πf

)1/2

ds − ds (16)

The weakly coupled terminology refers to the ability of the precipitate to contain only a single dislocation
partial at a time; larger precipitates which can contain both partials of a dislocation are said to undergo
strongly coupled APB shearing.

5.2 Orowan Looping of Precipitates

For those dislocations which loop around a precipitate instead of shearing through the precipitate, we
have applied an Orowan looping strength term.

g
(α)
looping =

µb

Ls
(17)

As in the APB shearing term, Eq (15), the effective spacing between two precipitates is implemented [13]
using Eq (16).

6 Irradiation Defects Hardening

The dominant irradiation damage defects in copper, another FCC material, are SFTs; therefore we
assume that SFTs are a common irradiation damage defect in the NiCr alloys. Following Arsenlis et al, we
model the contribution of the SFTs with a modified dispersed barrier hardening model [14].

g
(α)
precipitate−defects = αdbbµ

√
Nsftdsft (18)

where αdb is a fitting coefficient on the order of 0.2 [15], b is the burgers vector, µ is the shear modulus,
Nsft is the number density of the SFTs and dsft is the average size of the SFTs. The evolution of the SFT
number density and size, as a result of the cutting the SFTs into two smaller defects by dislocations shearing
the defect, (will be) modeled using the rate equations introduced by [14].

7 Micropillar Simulation

To compare the crystal plasticity simulations to the experimental micropillar compression tests on the
Ni2Cr model alloy, a micropillar geometry is being used to both compare the simulation results to the
experimental data and determine appropriate boundary conditions for a smaller crystal plasticity simulation
geometry. Initial micropillar compression simulations, performed on a coarse mesh, were loading in the [100]
direction of the crystal lattice. Elastic constants for Alloy 690 were used in this simulation.

The effective stress response and the mobile dislocation density from the initial micropillar compression
simulation are shown in Figure 1. In the [100] loading direction, an FCC crystal has 8 activated slip systems.
All 8 slip systems demonstrated similar evolution trends; the active slip system [110](11̄1̄) is used as an
example for all 8 active slip systems.

5 Development of Ni-Alloy Model in Grizzly
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(a) Effective Stress in Micropillar (b) Center View [110](11̄1̄) Mobile Dislocation Density

Figure 1: The initial micropillar model simulation shows displacement in the loading direction concentrated
in the micropillar with a small component of the displacement borne by the substrate. Evolution of the mobile
and immobile dislocations on active slip systems, such as [110](11̄1̄), is localized within the micropillar itself.

These initial simulation results confirm our expectation that plastic deformation from dislocation evo-
lution is confined to the micropillar while the substrate contributes to the overall elastic response. A full
comparison set of crystal plasticity simulation results against experimental data, including loading orienta-
tions along the [001] and [111] slip directions, will be discussed in a future report.

Summary and Future Work

As with any modeling effort, these developments to the crystal plasticity simulation capabilities are
accompanied by experimental efforts to inform and validate the software modeling development work. This
report details the theoretical and computational model development efforts to implement a crystal plasticity
model in Grizzly for aged model Ni-Cr alloy and irradiated Ni-Alloy 690. Verification and validation efforts
to compare the Grizzly crystal plasticity predictions to experimental data are on-going and will be described
as a component of the final report for this project.
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